Introduction {#S0001}
============

*Staphylococcus aureus* (*S. aureus*) is a common gram-positive bacterium, and nearly 30% of human population is colonized with it.[@CIT0001] Besides, *S. aureus* is also a human pathogen, which can cause a diverse range of infections from mild, such as food-borne disease, to severe, such as pneumonia with high mortality, sepsis.[@CIT0002] *S. aureus* is toxigenic, and the toxin can reduce the efficacy of antibiotics. Methicillin-resistant *Staphylococcus aureus*(MRSA) infection has become a serious worldwide problem, with high mortality and morbidity since the 1970s.[@CIT0003] As it is reported, in developed countries, MRSA has arrived in over 60% of all isolated *S. aureus*, and the incidence of MRSA causing hospital acquired pneumonia has reached 40% in China and the incidence of MRSA has increased to 49% in the United States.[@CIT0004],[@CIT0005] Therefore, powerful assays that can identify *S. aureus*, MRSA, methicillin-susceptible *S. aureus* (MSSA) both efficiently and rapidly are urgently needed.

Traditional methods used to identify *S. aureus* and MRSA include culture, microdilution resistance examinations, and colony morphology.[@CIT0005] These traditional methods have their advantages in identifying these pathogens. However, they usually have cannot be ignored disadvantages: these methods usually are time-consuming and laborious and have poor sensitivity. It still takes another 2 days to identify MRSA, after the culture result is positive of *S. aureus*.[@CIT0006] Because of this, until the results of antibiotic susceptibility tests are provided, vancomycin and other glycopeptide antibiotic will be used as empirical treatment in patients with suspected MRSA infections.[@CIT0007] Therefore, the empirical use of antibiotics increased the drug resistance of *S. aureus*. Thereby, the reliable and rapid identification of *S. aureus*, MSSA and MRSA has great clinical significance.

Molecular methods such as polymerase chain reaction (PCR) and real-time PCR have been developed for detection of *S. aureus* and MRSA.[@CIT0008]--[@CIT0010] These methods can be used to analyze clinical specimens (sputum, blood and bronchoalveolar lavage fluid (BALF)) with high specificity and sensitivity. However, the simplicity and rapidity of these methods are relatively limited, due to its long genomic template extraction and amplification protocols. Besides, most PCR-based methods using the ThermoCycler, the Stratagene Mx3000P PCR (Stratagene, La Jolla, USA), or even the LightCycler system (Roche, Mannheim, Germany) which were quite expensive and not approachable in most clinical institutions.[@CIT0011] Therefore, a timely, efficient, labor-saving, simple and cost-effective assay should be established to identify *S. aureus* and test its resistance to methicillin.To date, many isothermal amplification methods have been developed for molecular analysis.[@CIT0012],[@CIT0013] Loop-mediated isothermal amplification (LAMP) is a kind of sequence-specific isothermal amplification method, that offers nucleic acid amplification using 4 to 6 primers and a polymerase (*Bst* 2.0) with chain displacement activity at a fixed temperature (usually between 60--67ºC).[@CIT0014],[@CIT0015] LAMP has displayed several traits including that it has high sensitivity and specificity and sensitivity, can be completed in a short time (less than one hour), can amplify at various pH and the temperature ranges which is advantageous for clinical diagnosis, and that the LAMP reagents are relatively inexpensive and can be stable at a room temperature.[@CIT0016],[@CIT0017] Thus far, LAMP has been used in many fields, especially in molecular diagnostics.[@CIT0014] This LAMP technology is currently reported used for identifying *S. aureus* while cannot identify MRSA.[@CIT0018] And lots of monitoring methods, such as gel electrophoresis, turbidimeters, colorimetric agents, nanoparticle-based lateral flow biosensors (LFBs) and lab-on-chip devices, have been used to analyze LAMP amplicons.[@CIT0019] In particular, because of their rapidness, low cost and simplicity, various nanoparticle-based LFBs are increasingly used as alternative tools to analyze LAMP products.[@CIT0020] Based on this, we aimed to develop a novel assay combining mLAMP and LFB technology to detect *S. aureus*, and differentiate MRSA from MSSA. Then, the sensitivity and specificity of the LAMP-LFB assay were evaluated, and 96 clinical sputum were tested using the mLAMP-LFB assay. Besides, we compared the results obtained from mLAMP-LFB with the data from the culture and traditional PCR methods.

Materials and Methods {#S0002}
=====================

Reagents and Apparatus {#S0002-S2001}
----------------------

Genomic template extraction kits (QIAamp DNA minikits; Qiagen, Hilden, Germany) were purchased from Qiagen (Beijing, China). Dye (Crimson red) streptavidin-coated polymer nanoparticles (129 nm, 10 mg mL-1, 100 mM borate, pH 8.5 with 0.1% BSA, 0.05% Tween 20 and 10 mM EDTA) were purchased from Bangs Laboratories, (Indiana, USA). Biotin-BSA (biotinylated bovine serum albumin) and anti-FITC (rabbit anti-fluorescein antibody), anti-dig (sheep anti-digoxigenin antibody) were purchased from Abcam (Shanghai, China). Universal isothermal amplification kits and visual detection reagent (VDR) were purchased from HaiTaiZhengYuan (Beijing, China). LFB materials, such as conjugate pad, sample pad, backing card, nitrocellulose membrane (NC) and absorbent pad were purchased from the Jie-Yi Biotechnology (Shanghai, China).

Primer Design {#S0002-S2002}
-------------

Based on *S. aureus nuc* gene (GenBank accession EF529597), MRSA *mecA* gene (GenBank Accession No. X52593) and the Primer Explorer V4 ([<http://primerexplorer.jp/e/>]{.ul}; Eiken Chemical, Tokyo, Japan), two sets of LAMP primers were designed for this assay. The Basic Local Alignment Search Tool (BLAST) was used to check the specificity of two LAMP primers. The details of the LAMP primers are shown in [Figure 1](#F0001){ref-type="fig"} and [Table 1](#T0001){ref-type="table"}. All primers were synthesized by TsingKe (Beijing, China) at HPLC purification grade.Table 1The Primers Used in the Current ReportPrimers Name^a^Sequences and Modifications^b^Length ^c^Genesnuc-F35ʹ-AAATGCAAAGAAAATTGAAGTCG-3'23 nt*nuc*nuc -B35ʹ-CGTTGTCTTCGCTCCAAAT-3'19 ntnuc -FIP5ʹ-CGTTTACCATTTTTCCATCAGCATAAGTTTGACAAAGGTCAAAGAACT-3'48 mernuc-FIP\*5ʹ-FITC-CGTTTACCATTTTTCCATCAGCATAAGTTTGACAAAGGTCAAAGAACT-3'48 mernuc-BIP5ʹ-GTCAAGGCTTGGCTAAAGTTGCTTATTCGCTTGTGCTTCACTT-3'43 ntnuc-LF5ʹ-GCTAAGCCACGTCCAT-3'16 ntnuc-LF\*5ʹ-Biotin-GCTAAGCCACGTCCAT-3'16 ntnuc-LB5ʹ-CCTAACAATACACATGAAC-3'19 ntmecA-F35ʹ-TGATGCTAAAGTTCAAAAGAGT-3'22 nt*mecA*mecA-B35ʹ-TGTAATCTGGAACTTGTTGAG-3'21 ntmecA-FIP5ʹ-TGAAGGTGTGCTTACAAGTGCTAATAAATGATTATGGCTCAGGTACT-3'47 mermecA-FIP\*5ʹ-Dig-TGAAGGTGTGCTTACAAGTGCTAATAAATGATTATGGCTCAGGTACT-3'47 mermecA-BIP5ʹ-TGACGTCTATCCATTTATGTATGGC-GAGGTTCTTTTTTATCTTCGGTTA-3'50 ntmecA-LF5ʹ-GTTTGAGGGTGGATAGC-3'17 ntmecA-LF\*5ʹ-Biotin-GTTTGAGGGTGGATAGC-3'17 nt[^1] Figure 1Sequence and location of *nuc* (**A**) and *mecA* (**B**) genes used to design loop-mediated isothermal amplification primers. The nucleotide sequences of the sense strand of *nuc* and *mecA* are listed. Right arrows and left arrows indicate sense and complementary sequences that are used.

Bacterial Strains and Template Preparation {#S0002-S2003}
------------------------------------------

The 39 strains used in this study were collected from clinical and environmental samples ([Table 2](#T0002){ref-type="table"}). *S. aureus* (MSSA) (ATCC 25923) and *S. aureus* (MRSA) (ATCC 43300) were used as reference strains to optimize the LAMP-LFB assay. DNA templates were extracted by DNA extraction kit (QIAamp DNA Mini Kits, Hilden, Germany) according to the manufacturer's instructions, and measured by a spectrophotometer (Nano drop ND-1000, Calibre, Beijing, China). The original DNA extraction concentration of ATCC 25923 is 264.1 ng/μL, and the DNA extraction concentration of ATCC 43300 is 123.2 ng/μL. The DNA templates of *S. aureus* ATCC 25923 and ATCC 43300 were serially diluted 10-fold (1 ng/μL, 100 pg/μL, 10 pg/μL, 1 pg/μL, 100 fg/μL, 10 fg/μL, 1 fg/μL) to optimize the temperature and test the sensitivity of the LAMP-LFB assay. And 1μL of each dilution was used as template for LAMP reaction. The DNA extraction concentration of sputum samples used in this assay ranged from 7 ng/μL to 58 ng/μL.Table 2Bacterial Strains Used in the Current StudyBacteria^a^Strain No. (Source of Strains) ^b^No. of Strainsm-LAMP Result*NucmecAS. aureus speciesS. aureus* (MRSA)ATCC 433001PP*S. aureus* (MRSA)Isolated strains (ZJ)4PP*S. aureus* (MSSA)ATCC 259231PN*S. aureus* (MSSA)Isolated strains (ZJ)18PN*Non-S. aureus speciesEnterococcus faecalis*ATCC356671NN*Enterococcus faecium*Isolated strains (ZJ)1NN*Staphylococcus epidermis*Isolated strains (ZJ)1NN*Streptococcus pneumonia*ATCC7006741NN*Pseudomonas aeruginosa*Isolated strains (ZJ)1NN*Acinetobacter baumannii*Isolated strains (ZJ)1NN*Stenotrophononas maltophilia*Isolated strains (ZJ)1NN*Salmonella*Isolated strains (ZJ)1NN*Plesiomonas shigelloides*Isolated strains (ZJ)1NN*Listeria monocytogenes*Isolated strains (ZJ)1NN*Enteropathogenic E. coli*Isolated strains (ZJ)1NN*Shigella flexneria*Isolated strains (ZJ)1NN*Neisseria meningitidis*Isolated strains (ZJ)1NN*Bordetella pertussis*Isolated strains (ZJ)1NN*Klebsiella pneumoniae*Isolated strains (ZJ)1NN[^2]

Preparation of Lateral Flow Biosensor {#S0002-S2004}
-------------------------------------

Based on previous publications, we use LFB to report LAMP results in this assay.[@CIT0018],[@CIT0021],[@CIT0022] In short, LFB was designed to detect three targets (two target amplicons and a chromatography control). Four components, including an immersion pad, a conjugate pad, an NC membrane, and an absorbent pad, were assembled onto a plastic adhesive backing card. The capture reagents were fixed in 0.01 M phosphate-buffered saline (PBS, Ph 7.4), and the reagents contained anti-FITC (0.2mg/mL), anti-Dig (0.2mg/mL) and biotin-BSA (4mg/mL). The first line (conjugated with anti-FITC) is the target amplicon I test line (T1), the second line (conjugated with anti-Dig) is the target amplicon II test line (T2), and the third line (conjugated with biotin-BSA) is the chromatography control (CL). And each line was separated by 5mm. SA-PNP (Dye streptavidin-coated polymer nanoparticles, 129 nm, 10mg mL-1, 100mM borate, pH 8.5 with 0.1% BSA, 0.05% Tween 20 and 10mM EDTA) were then dispensed onto the conjugate pad of the biosensor. Streptavidin, a tetrameric protein with four biotin-binding sites, was covalently conjugated to these functionalized nanoparticles with excellent retention of biotin-binding activity. The streptavidin-biotin bond is one of the strongest non-covalent, affinity interactions, thus streptavidin-coated polymer nano-particles can provide an efficient and facile means for binding of biotinylated amplicons for use in diagnosis.

The Singlex LAMP Assay {#S0002-S2005}
----------------------

To check the availability of LAMP primers, reactions for *nuc* gene and *mecA* gene have been tested according to the standard LAMP assay mentioned in previous article.[@CIT0023] The amplification 25 µL mixtures were consist of 0.2 µM each FIP∗ and FIP primers, 12.5 µL (2 ×) reaction mix, 0.2 µM each LF\* and LB primer, 0.4 µM BIP primers, 0.1 µM each F3 and B3 primers, 1 µL DNA template and 1 µL (8 U) of *Bst* DNA polymerase. All the mixtures were heated for 50 min at 63ºC. *Streptococcus pneumonia* strains (*S. pneumonia*, ATCC700674) and *Listeria monocytogenes* strains (*L. monocytogenes*, Isolated strains) were used as negative controls (NC), and double distilled water (DW) were used as a blank control.

The Multiplex LAMP Assay {#S0002-S2006}
------------------------

The 25 µL mixtures of the multiplex LAMP (m-LAMP) assay were consist of 12.5 µL (2 ×) reaction mix, 0.2 µM nuc-BIP primers, 0.05 µM each nuc-F3 and nuc-B3 primers, 0.1 µM each nuc-FIP∗ and nuc-FIP primers, 0.1 µM each nuc-LF∗ and nuc-LB primer, 0.2 µM mecA-BIP primers, 0.05 µM each mecA -F3 and mecA -B3 primers, 0.1 µM each mecA -LF∗ and mecA -LB primer, 0.1 µM each mecA-FIP∗ and mecA -FIP primers, 1 µL DNA template and 1 µL (8 U) of *Bst* DNA polymerase. All the mixtures were heated for 50 min at 63ºC. *Streptococcus pneumonia* strains (*S. pneumonia*, ATCC700674) and *Listeria monocytogenes* strains (*L. monocytogenes*, Isolated strains) were used as negative controls (NC), and double distilled water (DW) was used as a blank control.

LAMP-LFB Assay {#S0002-S2007}
--------------

1 μL of LAMP products (haptens (FITC or/and Dig) and biotin-labeled LAMP products) and 60 μL of running buffer were added into the sample area. Then, the LAMP products and SA-PNPs can be simultaneously transferred by capillary flow from the conjugate region to TL (T1, T2) and CL. Biotin-labeled LAMP products form complex with SA-PNPs through the biotin-streptavidin-biotin interactions in the conjugated region, and biotin/LAMP complexes were fixed on the test strip through the interaction of hapten (FITC or/and Dig) and antibody (anti-FITC or/and anti-dig). Through the interaction of streptavidin and biotin, SA-PNPs that did not construct complexes were captured at CL. Therefore, SA-PNPs/LAMP/FITC complexes, SA-PNPs/LAMP/Dig complexes and non-complexed SA-PNPs were reported by visible line at TL (T1, T2) and CL, respectively. LFB has been used as an alternative for analyzing LAMP products.[@CIT0015] Besides, other monitoring methods, such as real-time turbidity (LA-320C) and VDR are used to determine and optimize the *nuc*-LAMP, *mecA*-LAMP, and m-LAMP products.

Optimizing the Temperature of LAMP-LFB Assay {#S0002-S2008}
--------------------------------------------

During the amplification stage, the optimal temperatures of LAMP primers (*nuc*-LAMP primers and *mecA*-LAMP primers) were tested. We compared reaction temperatures from 60 to 67ºC. We used *S. pneumonia* (ATCC700674) and *L. monocytogenes* (Isolated strains) as negative controls (NC), and double distilled water (DW) as blank control (BC).

Sensitivity of LAMP-LFB Assay {#S0002-S2009}
-----------------------------

We prepared serial dilution of *S. aureus* (ATCC 43300) (1 ng, 100 pg, 10 pg, 1 pg, 100 fg, 10 fg, and 1 fg per microliter), and added 1μL of genomic DNA into the amplification mixtures. We also examined the LoD (limit of detection) of the Singlex (*nuc*-LAMP and *mecA*-LAMP) and m-LAMP reactions as mentioned above. The LoD of singlex and multiplex reactions is considered to be the dilution gradients that finally show a positive result.

Optimizing the Reaction Time of LAMP-LFB Assay {#S0002-S2010}
----------------------------------------------

We evaluated the LAMP amplification at different times (from 30 mins to 60 mins, with 10 mins intervals), and reported the results by LFB.

Specificity of LAMP-LFB Assay {#S0002-S2011}
-----------------------------

We proved the specificity of this m-LAMP-LFB assay by genomic DNA (at least 10 ng per microliters) from 24 *S. aureus* species strains and 15 Non-*S. aureus* species strains ([Table 2](#T0002){ref-type="table"}). And we also used LFB to show the results of all m-LAMP assays. We also repeated all the examinations for three times.

Evaluation of the Feasibility of m-LAMP-LFB Assay {#S0002-S2012}
-------------------------------------------------

A total of 96 sputum samples, which were suspected from human *S. aureus*, were collected from Zhejiang province, China (Ethic approval: The research protocol for the current study has been approved by The Ethics Committee of the Zhejiang provincial people's Hospital, Hangzhou, Zhejiang, China). These samples were used for *S. aureus*, MRSA, MSSA diagnosis using culture-based method, traditional PCR method, and this new m-LAMP-LFB assay. Traditional cultures were conducted with blood agar plate. In short, about 1 mL sputum samples were inoculated into a blood plate to culture at 37ºC, 5% CO2 for 3--5 days, and then the bacteria strain was selected for culture. Other methods, such as serum agglutination test and Gram stain were also used to identify *S. aureus* isolates. Besides, DNA templates of 500 μL samples were extracted by QIAamp method for PCR and LAMP-LFB assays. PCR was performed with *S. aureus* specific primers for *nuc* gene with an amplicon size of 270 bp[@CIT0024] and MRSA specific primers for *mecA* gene with an amplicon size of 310 bp.[@CIT0025] And finally, we compared the results of m-LAMP-LFB method with those of the culture and PCR methods.

Results {#S0003}
=======

Confirmation and Demonstration of LAMP Products {#S0003-S2001}
-----------------------------------------------

When the assay was conducted at a fixed temperature of 63ºC for 1 h, an appreciable *S. aureus*-LAMP reaction was observed. The *S. aureus*-LAMP amplified products were light green, while colorlessness was remained in the negative ones ([Figure 2A](#F0002){ref-type="fig"} (left)[-2C](#F0002){ref-type="fig"} (left)). For *nuc* test ([Figure 2A](#F0002){ref-type="fig"} (right)), the crimson bands were seen in both T1 and CL, and for *mecA* test ([Figure 2B](#F0002){ref-type="fig"} (right)), the T2 and CL were visible. In addition, T1, T2 and CL appeared in the multiplex LAMP products ([Figure 2C](#F0002){ref-type="fig"} (right)). The results showed that the two sets of primers for *nuc* and *mecA* were good for establishing the LAMP-LFB method.Figure 2Detection and confirmation of *nuc*- and *mecA*-LAMP products. **A** (left), **B** (left) and **C** (left), Color change of nuc-, mecA- and multiplex LAMP tubes; **A** (right), **B** (right) and **C** (right), LFB applied for visual detection of nuc-, mecA- and multiplex LAMP products. Tube A1, B1 and C1, positive amplification; tube A2, B2 and C2, negative amplification (*S. pneumonia*), tube A3, B3 and C3, negative amplification (*L. monocytogenes*), tube A4, B4 and C4, negative control (DW); Biosensor A1, B1 and C1, positive amplification; biosensor A2, B2 and C2, negative amplification (*S. pneumonia*), biosensor A3, B3 and C3, negative amplification (*L. monocytogenes*), biosensor A4, B4 and C4, negative control (DW).

Optimal Temperature of LAMP Primer Set {#S0003-S2002}
--------------------------------------

The detection temperature for the m-LAMP-LFB assay is very important, so we use target DNA (10 pg/mL) at different reaction temperature (60--67ºC, with 1ºC interval) to optimize the amplification temperature of *nuc*- and *mecA*-LAMP methods. The reactions of *nuc*- and *mecA*-LAMP were analyzed by real-time turbidity detection, and the kinetic curves at different temperatures were obtained. However, for the *nuc*-LAMP reactions, robust amplification were obtained at an analysis temperature of 62--65ºC, and for the *mecA*-LAMP reactions, robust amplification were obtained at 62°C-64°C ([Figure 3](#F0003){ref-type="fig"}). Finally, 63ºC was chosen as the optimal temperature for the singlex and m-LAMP reactions.Figure 3Optimal amplification temperature for *nuc-* and *mecA-*LAMP primer sets. The conventional LAMP reactions for detection of *nuc* (**A**) and *mecA* (**B**) were monitored by real-time measurement of turbidity and the corresponding curves of concentrations of templates were marked in the figures. The threshold value was 0.1 and the turbidity of \>0.1 was considered to be positive. Six kinetic graphs (1--6) were obtained at various temperatures (61 ^o^C-66°C, 1°C intervals) with target pathogens DNA at the level of 10 pg per vessel. (**A**) the graphs from 2 (62°C) to 5 (65°C) showed robust amplification; (**B**) the graphs from 2 (62°C) to 4 (64°C) showed robust amplification.

Sensitivity of *nuc*- and *mecA*-LAMP Assays {#S0003-S2003}
--------------------------------------------

Serially diluted genomic DNA templates (1 ng/μL, 100 pg/μL, 10 pg/μL, 1 pg/μL, 100 fg/μL, 10 fg/μL, and 1 fg/μL) were used to determine the sensitivity of *nuc*- and *mecA*-LAMP. As shown in [Figure 4](#F0004){ref-type="fig"}, the LoD of *nuc*-LAMP assay was 100 fg per reaction, and two crimson lines (T1, and CL) appeared on the LFB, indicating that the *nuc* gene was positive. The *mecA*-LAMP assay was also 100 fg per vessel, and two crimson lines (T2, and CL) appeared on the LFB, indicating that the *mecA* gene was positive. In addition, the LoD of VDR detection ([Figure 4A](#F0004){ref-type="fig"} (bottom), [B](#F0004){ref-type="fig"} (bottom)) for *nuc*- and *mecA*-LAMP was consistent with LFB analysis ([Figure 4A](#F0004){ref-type="fig"} (top) and [B](#F0004){ref-type="fig"} (top)).Figure 4Detection of a single target in a LAMP reaction. Two sets of LAMP primers targeting the *nuc* (**A**) and *mecA* (**B**) genes were used in different reactions and the serial dilutions (1 ng, 100 pg, 10 pg, 1 pg, 100 fg, 10 fg and 1 fg) of target templates were subjected to conventional LAMP reactions. **A** (top) and **B** (top), LFB applied for visual detection of *nuc*- and *mecA*-LAMP products. **A** (bottom) and **B** (bottom), VDR applied to *nuc*- and *mecA*-LAMP products. Biosensors A1-A7 (Tubes A1-A7), *S. aureus* (ATCC 43300) genomic templates (1 ng-1 fg), biosensors A8 (Tube A8), negative control (DW). Biosensors B1-B7 (Tubes B1-B7), *S. aureus* (ATCC 43300) genomic templates (1 ng-1 fg), biosensors B8 (Tube B8), negative control (DW). NC, negative control.

Sensitivity of m-LAMP Assay {#S0003-S2004}
---------------------------

The amplified m-LAMP products were showed by LFB. As shown in [Figure 5](#F0005){ref-type="fig"}, three crimson lines (T1, T2, and CL) showed on the LFB, which indicated that the *nuc* and *mecA* genes are positive. Only a crimson band (CL) appeared on the LFB, indicating negative results. Such as a blank control or the target genomic DNA content is less than 100 fg. The sensitivity of m-LAMP to detect both *nuc* and *mecA* genes was also 100 fg per vessels, which was fully consistent with singlex LAMP assay ([Figures 4](#F0004){ref-type="fig"} and [5](#F0005){ref-type="fig"}).Figure 5Visual detection of multiplex targets in a m-LAMP reaction. Two sets of LAMP primers targeting *nuc* and *mecA* genes were simultaneously added to a reaction vessel and the LoD of m-LAMP for simultaneously detecting *S. aureus* and identifying MRSA was analyzed using LFB. Biosensors 1, 2, 3, 4, 5, 6, 7 and 8 represent DNA levels of 1 ng (*S. aureus* ATCC 43300 templates), 100 pg (*S. aureus* ATCC 43300 templates), 10 pg (*S. aureus* ATCC 43300 templates), 1 pg (*S. aureus* ATCC 43300 templates), 100 fg (*S. aureus* ATCC 43300 templates), 10 fg (*S. aureus* ATCC 43300 templates), 1 fg (*S. aureus* ATCC 43300 templates) and negative control (DW). The LoD of m-LAMP assay for *nuc* and *mecA* detection was 100 fg per vessel.

Optimal Duration Time of m-LAMP Assay {#S0003-S2005}
-------------------------------------

We evaluated the effect of different durations (from 30 mins to 60 mins, with an interval of 10 mins) at optimal amplification temperature (63ºC), and the target DNA at the LoD level (100 fg) was detected when m-LAMP reaction lasted only for 50 mins ([Figure 6](#F0006){ref-type="fig"}). Therefore, the 50-min amplification time was taken as the optimal amplification time for m-LAMP. So this new m-LAMP-LFB detection process takes only 75 mins, including 20 mins of genomic template preparation, 50 mins of LAMP reaction, and 2 mins of LFB analysis.Figure 6Optimal duration of time required for m-LAMP assay. Four different reaction times (**A**, 20 min; **B**, 30 min; **C**, 40 min; and **D**, 50 min) were tested and compared at 63 °C. Biosensors 1, 2, 3, and 4 represent DNA levels of 100 fg/μL (LoD level). The best sensitivity was seen when the amplification lasted for 50 min (**C**).

Specificity of m-LAMP Method {#S0003-S2006}
----------------------------

In this paper, MRSA, MSSA, and non-*S. aureus* bacterial pathogens were used to determine the specificity of the m-LAMP method. As shown in [Figure 7](#F0007){ref-type="fig"} and [Table 2](#T0002){ref-type="table"}, m-LAMP assay can specifically detect all *S. aureus* strains, and non-*S. aureus* bacterial pathogens are negative. With biosensors, T1, T2 and CL simultaneously appeared in the LFB detection area, indicating positive results of MRSA ([Figure 7](#F0007){ref-type="fig"}, biosensor 1). In addition, T1 and CL simultaneously appeared in the LFB detection area, indicating the positive results for MSSA ([Figure 7](#F0007){ref-type="fig"}, biosensor 2). Only one crimson band (CL) appeared in the LFB detection area, indicating the negative results for non- *S. aureus* strains and negative control (DW) ([Figure 7](#F0007){ref-type="fig"}, biosensor 3--18).Figure 7Analytical sensitivity of m-LAMP assay using different bacterial strains. The m-LAMP amplifications were performed using different genomic DNA templates and were monitored by means of visual format. Biosensor 1, MRSA (ATCC 43300); biosensor 2, MSSA (ATCC 25923); biosensor 3--17, biosensor 18, negative control (DW).

Demonstrating the Feasibility of m-LAMP-LFB Assay by Sputum Samples {#S0003-S2007}
-------------------------------------------------------------------

We further confirmed the feasibility of m-LAMP-LFB method. We used culture, PCR and LAMP-LFB assay to test 96 sputum samples collected from patients. The results are summarized in [Table 3](#T0003){ref-type="table"}. Among 96 sputum samples, 8 (8.33%) and 9 (9.38%) samples were MRSA-positive and MSSA-positive by LAMP-LFB and traditional culture biotechnology, respectively. Therefore, compared with the culture-biotechnical method, the diagnostic accuracy of m-LAMP-LFB method is 100%. However, only 7 (7.29%) samples were MRSA-positive and 7 (7.29%) were MSSA-positive by PCR method. These results showed that the m-LAMP-LFB method was a good detection method and has better detection ability than PCR method.Table 3Comparison of Conventional LAMP-LFB, Culture Biotechnical and PCR Methods for the Detection of *S. Aureus* in Sputum Samples of HumanDetection MethodsWhole Sputum Samples (n=96)MRSAMSSANegativeLAMP-LFB8979Culture8979PCR7782

Discussion {#S0004}
==========

*Staphylococcus aureus*, including MRSA and MSSA, is an important pathogen, which can produce a variety of infections, including skin infection, lung infection, infective endocarditis and septic shock.[@CIT0001],[@CIT0026] The rapid detection of clinical specimens for *S. aureus* and MRSA is very important. In this report, we have successfully established m-LAMP assay which can distinguish *S. aureus* strains and differentiate MRSA from MSSA according to *nuc* and *mecA* genes. The mLAMP primers of this new assay are designed for 7 or 8 regions of the target genes with high selectivity ([Figure 1](#F0001){ref-type="fig"}). We used *nuc* gene to design the sequences of *nuc*-LAMP primer set, which is specific for *S. aureus*. In addition, the resistance of *S. aureus* to methicillin is mainly mediated by low affinity penicillin binding protein 2a or 2ʹ (PBP2a or PBP2ʹ), which is specifically encoded by *mecA* gene. And in this assay, we used *mecA* gene ([Figure 1](#F0001){ref-type="fig"}) which is related to the methicillin-resistance of *S. aureus* strains to design the sequences of mecA-LAMP primer set.[@CIT0026] The specificity of this assay was performed using genomic templates extracted from 24 strains of *S. aureus* (5 MRSA and 19 MSSA) and 15 strains of non-*S. aureus*. All *S. aureus* strains were tested positive, while non-*S. aureus* strains were tested negative. This m-LAMP method for identification of *S. aureus* targeting the *nuc* gene has 100% specificity, and the m-LAMP method for identification of MRSA targeting the *mecA* gene related to methicillin resistance has 100% specificity ([Figure 7](#F0007){ref-type="fig"} and [Table 2](#T0002){ref-type="table"}). In addition, the most important thing is that this m-LAMP method can distinguish MRSA from MSSA while detecting *S. aureus* strains.

In this experiment, we use LFB to detect the experimental results of LAMP. LFB is intuitive, fast, convenient and easy-to-use ([Figures 2](#F0002){ref-type="fig"}--[7](#F0007){ref-type="fig"}). Compared with other monitoring technologies, such as real-time turbidity and colorimetric indicator ([Figures 2](#F0002){ref-type="fig"}--[3](#F0003){ref-type="fig"}), LFB method is not only faster, simpler, but also has a lower error rate. As LFB method does not involve the use of special instruments, reagents, and processes, LFB is more appropriate for simple, rapid, and sensitive detection of LAMP products than other analytical methods. Besides, the LFB can be used to detect two targets visually and simultaneously in one single test in our assay.[@CIT0027]

In the LAMP assay, we found that when the *nuc* and *mecA* genes were tested independently, the 100 fg DNA templates per tube was the LoD. The LoD of the LAMP experimental results displayed by LFB is consistent with that of the VDR ([Figure 4](#F0004){ref-type="fig"}). In the m-LAMP assay, we found that when performing simultaneous detection of *nuc* and *mecA* genes, 100 fg of target DNA templates per tube was still the LoD. The test results are consistent with the singlex *nuc*-LAMP and *mecA*-LAMP detection ([Figures 4](#F0004){ref-type="fig"} and [5](#F0005){ref-type="fig"}). In addition, the results of m-LAMP can be displayed by simple instruments, such as conventional heating instruments or laboratory water bath instruments. As long as the simple instrument can provide a constant temperature of 63◦C, there is no need to use other complex ones.

This new LAMP-LFB detection process takes only 75 mins, including 20 mins of genomic template preparation, 50 mins of LAMP reaction, and 2 mins of LFB analysis. In order to evaluate the availability of this new LAMP-LFB assay, 96 sputum specimens were tested by culture, PCR diagnostic method, and LAMP-LFB detection. This new LAMP-LFB method targets MRSA and MSSA with high detection efficiency. One of the sputum specimens was tested positive for MRSA by LAMP-LFB and culture tests, but tested negative by traditional PCR test. Two other sputum specimens were tested positive for MSSA by LAMP-LFB and culture tests, but negative by traditional PCR test. The above results indicate that the diagnostic rate of the traditional PCR method is lower than that of the new LAMP-LFB detection method, which may be because the target gene templates copy numbers in the sample is lower than the detection limit of the traditional PCR test. In addition, compared with the PCR and culture methods, the m-LAMP-LFB method only requires an instrument which can provide a constant temperature of 63ºC, without using expensive molecular detection equipment. And this m-LAMP-LFB method also has a faster detection speed. However, this new assay also has its limitation. Results of the LAMP detection can only be qualitatively displayed as red bands.

Conclusion {#S0005}
==========

In conclusion, we have successfully established a m-LAMP-LFB method that targeted the *nuc* and *mecA* genes. This method showed high specificity sensitivity, which could successfully detect *S. aureus* strains, distinguish MRSA from MSSA, and had the LoD of 100 fg genomic template per tube. Moreover, the clinical feasibility of the m-LAMP-LFB also was successfully demonstrated using clinical samples. Particularly, the LAMP results were indicated using biosensor, which was simple, fast, objective and easy-to-operate. Thus, the m-LAMP-LFB established in this report could be used as valuable tool for rapid, simple, sensitive and reliable detection of *S. aureus* and identification of MRSA in basic and clinical laboratories.
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[^1]: **Notes:** ^a^nuc, *nuc* gene; mecA, *mecA* gene; nuc-FIP\*, 5ʹ-labeled with FITC when used in LAMP-LFB assay; nuc-LF\*, 5ʹ-labeled with biotin when used in LAMP-LFB assay; mecA-FIP\*, 5ʹ-labeled with Dig when used in LAMP-LFB assay; mecA-LF\*, 5ʹ-labeled with biotin when used in LAMP-LFB assay; ^b^FITC, fluorescein isothiocyanate; Dig, digoxigenin. ^c^mer, monomeric unit; nt, nucleotide.

[^2]: **Notes:** ^a^MRSA, methicillin-resistant *S. aureus*; MSSA, methicillin-sensitive *S. aureus* (MRSA). ^b^ATCC, American Type Culture Collection; (ZJ), Zhejiang provincial people's Hospital. ^c^P, positive; N, negative. Only *S. aureus* strains could be detected by the m-LAMP technique, indicating the extremely high selectivity of the method. The MRSA strains and MSSA strains could be differentiated using LFB detection.
